Bacterial pathogens that compromise phagosomal membranes stimulate inflammasome assembly in the cytosol, but the molecular mechanisms by which membrane dynamics regulate inflammasome activity are poorly characterized. We show that in murine dendritic cells (DCs), the endosomal adaptor protein AP-3 -which optimizes toll-like receptor signaling from phagosomes-sustains inflammasome activation by particulate stimuli. AP-3 independently regulates inflammasome positioning and autophagy induction, together resulting in delayed inflammasome inactivation by autophagy in response to Salmonella Typhimurium (STm) and other particulate stimuli specifically in DCs. AP-3-deficient DCs, but not macrophages, hyposecrete IL-1β and IL-18 in response to particulate stimuli in vitro, but caspase-1 and IL-1β levels are restored by silencing autophagy. Concomitantly, AP-3-deficient mice exhibit higher mortality and produce less IL-1β, IL-18, and IL-17 than controls upon oral STm infection. Our data identify a novel link between phagocytosis, inflammasome activity and autophagy in DCs, potentially explaining impaired antibacterial immunity in AP-3-deficient patients.
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Introduction
Dendritic cells (DCs) sense and integrate innate immune signals to stimulate adaptive T cell immune responses. To elicit effective defense against pathogens and prevent abnormal responses to non-pathogenic microorganisms, DCs adjust their responses according to the threat level posed by the encountered microbe [1, 2] . Microorganisms captured by phagocytosis are sensed through the detection of conserved pathogen associated molecular patterns (PAMPs) by pattern-recognition receptors (PRRs) [3] . Transmembrane PRRs such as toll-like receptors (TLRs) localize to the cell surface, endosomes and phagosomes and signal the production of pro-inflammatory cytokines such as TNFα, IL-6 and IL-12, as well as chemokines and factors that promote T cell differentiation and activation. Other PRRs, such as nucleotide binding domain leucine rich repeat containing proteins (NLRs), localize to the cytosol, sense phagosome/lysosome damage [4] , and signal the production of more potent pro-inflammatory cytokines such as IL-1β and IL-18 [5, 6] . Importantly, TLR and NLR responses are collaborative. Signaling by TLRs or related receptors at the plasma membrane or on phagosomes "primes" inflammasomes-multisubunit complexes that incorporate NLRs-by stimulating transcription of some NLRs and pro-IL-1β [7] . Subsequent stimuli trigger inflammasome assembly, with consequent proteolytic cleavage of pro-IL-1β and of constitutively expressed pro-IL-18, and secretion of the mature cytokines by undefined mechanisms [8, 9] . In some cases inflammasome activation leads to pyroptotic host cell death, thus restricting intracellular pathogen replication [10] . Other than transcriptional priming, the molecular links between TLR activation in phagosomes and inflammasome activity in the cytosol in response to bacterial pathogens are unclear [11] .
Phagosome dynamics might not only regulate inflammasome activation but also inflammasome silencing to limit tissue damage and prevent chronic inflammation [12] . Among the identified negative regulators of inflammasome activity is autophagy [13, 14] , in which cellular components are engulfed by and sequestered into double-membrane compartments (autophagosomes) and may be degraded upon autophagosome fusion with lysosomes. Intriguingly, autophagy is rapidly induced following phagocytosis of bacterial pathogens such as Listeria or Salmonella Typhimurium [15, 16, 17] . Thus, signaling from maturing phagosomes could potentially limit the duration of inflammasome activation through autophagy. How this is integrated at the molecular level is largely unknown.
We have shown that in murine DCs, adaptor protein-3 (AP-3)-an endosomal adaptor protein complex that facilitates cargo sorting into transport vesicles-optimizes the recruitment of TLRs from endosomes to maturing phagosomes and is required for efficient pro-inflammatory TLR signaling and antigen presentation from phagosomes [18] . Here we tested whether AP-3 also plays a role in inflammasome assembly and activation and subsequent T cell responses by assessing whether these processes are impaired in AP-3 deficient mice. We show that AP-3 is required in DCs for optimal inflammasome activity triggered by particulate stimuli in vitro and in vivo by three distinct mechanisms: AP-3 promotes inflammasome priming, spatially regulates inflammasome assembly and protects inflammasomes from autophagy. Our data provide new insights into the mechanisms underlying the recurrent bacterial infections in patients with mutations in AP-3 subunit genes [19, 20] , and suggest that AP-3 is a key regulator that links phagosome signaling to a sustained inflammasome response to intracellular pathogens.
Results
AP-3 is required for optimal transcriptional activation of pro-IL-1β and some NLRs after priming with particulate LPS AP-3 is required in DCs for optimal TLR recruitment to phagosomes and subsequent phagosomal pro-inflammatory signaling, but not for TLR signaling from the plasma membrane [18] . Because inflammasome priming requires PRR signaling [8] , we investigated whether AP-3 impacts inflammasome priming by soluble LPS (to stimulate cell surface TLR4) or by LPScoated beads (LPS beads; to stimulate phagosomal TLR4). We stimulated bone marrowderived DCs (BMDCs) from wild-type (WT) C57BL/6J or AP-3-deficient B6.Ap3b1 pe/pe (pearl) mice with TLR4 stimuli, and measured mRNA levels for NLR and/or inflammasome pathway components by quantitative real-time (RT)-PCR (qPCR). In response to soluble LPS, mRNA levels for the NLR members NLRC1, NLRC2 and NLRP3 were induced 2-to 12-fold, with no significant differences between WT and pearl DCs (Fig 1A) . However, the induction of mRNA for all three NLR members in response to LPS beads was 50% lower in pearl DCs than in WT DCs (Fig 1A; S1 Table provides data for all analyzed mRNAs). This is consistent with the known role of AP-3 in phagosomal TLR signaling. Transcriptional activation of the pro-inflammatory cytokine precursor pro-IL1β was also reduced in pearl DCs, but surprisingly in response to either soluble LPS or LPS beads (Fig 1B) , suggesting additional complexity in IL-1β transcriptional control; despite this effect of soluble LPS on mRNA levels, pro-IL-1β protein levels were stimulated to significantly reduced levels in pearl DCs only after particulate LPS treatment (by~50%; Fig 1D and 1E) . In contrast to the strong induction of pro-IL-1β, NLRP3 induction by either soluble or particulate LPS was moderate, consistent with previous reports [21] , and not significantly affected at the protein level in pearl cells (Fig 1A, 1D and 1E). Consistent with their known constitutive expression [4, 8, 9] , mRNA levels for pro-IL-18 ( Fig 1B) and mRNA and protein levels for NLRC4, pro-caspase-1, and the adaptor protein ASC (Fig 1C and 1D) were neither significantly different between WT and pearl DCs nor significantly induced after soluble or particulate LPS priming (Fig 1B and 1C) . BMDCs from WT or pearl (pe) mice were untreated or stimulated with LPS or LPS beads for 2 h (A-C) or 3 h (D, E). A-C. cDNA generated from isolated RNA was analyzed by RT-PCR. Shown are mRNA levels of: A, NLRC1, NLRC2, NLRP3; B, pro-IL-1β, pro-IL-18; and C, NLRC4, pro-caspase-1 and ASC. Data from three independent experiments were normalized to the average of five housekeeping genes, and the ΔΔCt values were calculated and represented as mean ± SD fold induction of mRNA in stimulated cells relative to unstimulated cells. D, E. Cell pellets were lysed and fractionated by SDS-PAGE, and NLRP3, NLRC4, pro-caspase-1
Enhanced autophagy in AP-3-deficient DCs limits phagosome-stimulated inflammasome activity PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1006785 December 18, 2017 particulate stimuli was reduced by~50% in pearl DCs relative to WT cells (Fig 2A) . Reduced IL-1β secretion by pearl DCs in response to LLO beads was confirmed by Western blotting of cell supernatants (SN, arrows; Fig 2B) , whereas LPS-stimulated pro-IL-1β levels in pearl DC whole cell lysates (WCL) were not reduced as much relative to WT DCs (arrowheads, Fig 2B; see also Fig 1D and 1E) . These data suggest that AP-3 potentiates inflammasome activity induced by phagocytosed stimuli. Consistently, analysis of the caspase-1 p20 cleavage fragment in both cell lysates and supernatants showed that pearl DCs undergo~50% less pro-caspase-1 cleavage than WT DCs after LLO-bead stimulation (Fig 2C) .
Since inflammasome activation in vivo can be triggered by pathogen invasion, we extended our analyses of inflammasome stimuli to a model intracellular bacterial pathogen, Salmonella enterica serovar Typhimurium (STm). STm cultured under conditions that induce flagellin expression rapidly stimulates the NLRC4 inflammasome [23] , which is priming-independent and unaffected by AP-3 (Fig 1C and 1D) . NLRC4 expression levels in WT and pearl DCs were similar both before and after STm (Fig 2D) . Despite equivalent levels of bacterial uptake (Fig  2E) , pearl BMDCs secreted significantly less IL-1β than WT cells, regardless of whether or not they were previously primed with soluble LPS (Fig 2F) . Importantly, caspase-1 activation was also reduced by~50% in pearl DCs after STm infection, as measured by the percentage of cells labeled by the fluorescent active caspase-1 probe FAM-YVAD-FMK (FLICA; Fig 2G) , despite no reduction in pro-caspase-1 expression in these cells (Fig 1C and 1D) . These data suggest that maximal inflammasome activity in response to phagocytic stimuli in BMDCs requires AP-3. To test whether this finding extends to tissue resident DCs, we monitored secretion of IL-1β and of IL-18 (which is undetectable in BMDCs) by splenic DCs after infection with flagellin-expressing STm. Like NLRC4, pro-IL-18 mRNA is constitutively expressed in DCs, as previously shown [24] [25] [26] , and unaffected by AP-3 in BMDCs (Fig 1B and 1C) . Induced secretion of both IL-1β and IL-18 was reduced by~50% in splenic pearl DCs relative to WT DCs (Fig 2H and 2I) . Together, these results indicate that AP-3 promotes inflammasome activation by phagosomal stimuli. The impaired caspase-1 cleavage and the reduced levels of secreted IL-18 after NLRC4 inflammasome stimulation suggest that AP-3 not only impacts priming but also plays a role downstream of inflammasome priming.
AP-3 promotes survival upon Salmonella Typhimurium infection
To test whether AP-3 impacts inflammasome activation in DCs during an immune response, we employed an in vivo model of oral STm infection in mice. In this model, an early inflammatory response at the site of STm entry in the follicle-associated epithelium prevents bacterial dissemination to the bloodstream and peripheral tissues such as spleen and liver, and therefore confers protection against STm infection [27, 28] . Following infection with an oral dose of 10 8 STm, WT mice survived to day 7 but succumb to infection later (Fig 3A and 3B) . Under identical conditions, more than 50% of pearl mice died by day 7 (Fig 3B) , indicating that AP-3 confers a protective response to STm infection. Analyses of colony forming units (CFU) in homogenates of Peyer's Patches (PP), mesenteric lymph nodes (MLN) and spleen harvested five days after infection showed that the bacterial burden in all three tissues was significantly higher in infected pearl mice than in WT controls (Fig 3C-3E) . These data suggest that AP-3 is necessary to suppress bacterial replication in vivo, correlating with the increased susceptibility of AP-3-deficient patients to bacterial infections.
DCs capture invading STm within the subepithelial dome of the follicle-associated epithelium and then migrate to PP and/or MLN, where they stimulate antigen-specific T cells [28, 29] . Early production of local IL-1β in the MLN and PP promotes the differentiation of Th17 cells, and subsequent IL-17 secretion by T cells and innate lymphoid cells favors granulopoiesis and neutrophil recruitment [30] . To test whether AP-3 plays a role in these early events, we compared the inflammatory cytokine responses to STm infection in WT and pearl mice. We adjusted the infection dose (to 10 9 CFU) to achieve comparable levels of bacterial load in PP, MLN and spleen three days after infection of WT and pearl mice (Fig 4A-4C) . At this time and dose, DC numbers in spleen (the largest lymphatic organ and hence preferred for the assessment of cell populations) of WT and pearl mice were also comparable (Fig 4D) , suggesting that DC migration was not affected. Similarly, DC numbers in spleen, MLN and small intestine were also comparable at steady-state (uninfected) conditions in WT and pearl mice (S1A and S1B Fig and ref . [18] ). Importantly, the capacity of WT and pearl CD11c + DCs to mature (assessed by up-regulation of the costimulatory molecules CD40 and CD86) and their migratory potential (assessed by up-regulation of CCR7, responsible for DC homing to T cell areas of lymph nodes and spleen; [31, 32] ) in response to STm infection ex vivo did not significantly differ (S1C and S1D Fig and ref. [18] ), in agreement with the similar DC percentages in those tissues. We then used ELISA to measure IL-1β, IL-18 and IL-17 levels in serum and/or tissue homogenates of mice 3 days after infection with 10 9 STm. Whereas serum IL-18 levels-reflecting contributions from many infected cell types (see below)-did not significantly differ between WT and pearl mice (Fig 4E; see below) , IL-18 levels in MLN from pearl mice were significantly reduced (Fig 4F) . Similarly, IL-1β levels in MLN were significantly decreased in pearl mice (Fig 4G; IL-1β was not detected in PP or serum from infected mice). These results suggest that MLN are the key sites for early inflammatory responses to STm and that these responses are defective in the absence of AP-3, reflecting a failure in local inflammasome activation. Consistent with an IL-1β requirement in lymphocyte IL-17 production [33] , IL-17 levels were also significantly decreased in MLN from pearl mice (Fig 4H) , correlating with a reduced percentage of IL-17-producing CD4+ T cells in the MLN (Fig 4I) . Together, these data show that inflammasome activation and IL-17 production at STm entry sites are impaired in the absence of AP-3 and likely explain, at least in part, the reduced viability of pearl mice upon STm infection.
Inflammasome activation is impaired in AP-3-deficient dendritic cells but not macrophages
It was surprising that serum IL-18 levels in STm-infected pearl mice were high at day 3 ( Fig  4E) despite the reduced IL-18 production in MLN relative to infected WT mice. Moreover, five days after infection with 10 8 CFU of STm, cytokine levels in pearl and WT MLN were similar (despite higher bacterial burden in pearl MLN), while serum Il-18 levels were higher in pearl than in WT mice correlating with the increased bacterial load (Figs 3B-3D and S2). Serum cytokine levels reflect the contribution of different tissues and cell types, and although DCs capture STm early after infection and play a major role in the subsequent immune response [29] , macrophages and other cell types also produce IL-1β and IL-18 and likely predominate cytokine production later after infection. We thus wondered whether AP-3 impacted cytokine production in another cell type. Indeed, whereas cultured pearl BMDCs secreted 50% less IL-1β than WT DCs in response to STm infection, there was no impairment in STm-stimulated IL-1β secretion by bone marrow-derived macrophages (BMMFs) from pearl mice ( S3A Fig). These data indicate that AP-3 does not play a role in inflammasome activation in MFs. Similarly, AP-3 does not affect phagosomal TLR signaling in MFs as it does in DCs, as secretion of the pro-inflammatory cytokines TNFα, IL-6 and IL-12 in response to LPS beads is defective in pearl DCs [18] but not in pearl MFs ( S4 Fig); this likely reflects differences in TLR signaling requirements and inflammasome activation between DCs and MFs [34] .
To test whether AP-3 plays a role in phagosome TLR signaling and inflammasome activation in MFs in vivo, we exploited the intracellular pathogen Legionella pneumophila (Lpm). Alveolar macrophages are the primary cell type that supports Lpm replication during pulmonary infection in mice [35] . We infected WT and pearl mice intranasally with Lpm strain ΔflaA, which lacks flagellin and stimulates the NLRP3 inflammasome [36, 37] , and 24 h postinfection measured bacterial load in lung homogenates and levels of TNFα (as a read-out for effective priming) and IL-18 (as a read-out for inflammasome activation) in the broncho-alveolar lavage (BAL). Unlike for STm, bacterial burden was not significantly higher in pearl mice relative to WT mice ( S3B Fig). Moreover, both TNFα and IL-18 levels were similar in BAL from WT and pearl mice (S3C and S3D Fig) . These data support the conclusion that AP-3 does not play a role in inflammasome priming or activation in MFs either in vitro or in vivo, and suggest that AP-3 impacts the inflammatory response to bacterial infections primarily via DCs.
AP-3 is required for inflammasome positioning and limits autophagy induction after STm infection or alum stimulation AP-3 is well known to regulate protein trafficking within the endolysosomal and phagosomal systems [38] , but how might it impact activity of the cytoplasmic inflammasome? Given that AP-3 influences the positioning of lysosomes and lysosome-related organelles [39, 40] , we speculated that AP-3 might indirectly influence inflammasome activity via its positioning and/ or assembly. Thus, we assessed the assembly of the adaptor protein apoptosis-associated speck-like protein containing a caspase-recruitment domain (ASC) into perinuclear filamentous aggregates, or "specks", upon inflammasome activation [41, 42] . BMDCs expressing ASC-GFP from a recombinant retrovirus were infected with flagellin-expressing mCherrySTm to stimulate NLRC4, and ASC speck formation was visualized by live cell imaging. In both WT and pearl DCs, ASC-GFP was expressed diffusely in the cytoplasm prior to infection (S5A Fig), but formed a single speck within 15 min following STm infection, as expected upon inflammasome activation [43] . Neither the number of ASC speck-positive DCs nor the kinetics of ASC speck formation after STm infection differed appreciably between WT and pearl cells (S5B Fig) , and in neither case did specks overlap significantly with STm-labeled structures (Fig 5A) . Consistent with previous reports [44] , ASC specks were detected adjacent to the nucleus in~70% of WT DCs one hour after infection, such that the average distance from the nuclear membrane was 2.3 ± 3 μm and all specks were within 7 μm (Fig 5A-5C) . Surprisingly, however, few ASC specks (~30%) were detected in the perinuclear area of pearl DCs (Fig 5A and 5B), and the average distance to the nuclear membrane was 9.2 ± 11 μm (Fig 5C) . ASC specks were also predominantly peripherally positioned when ATP or alum were used to Enhanced autophagy in AP-3-deficient DCs limits phagosome-stimulated inflammasome activity We hypothesized that peripheral positioning in pearl DCs could facilitate premature inflammasome inactivation following STm infection, perhaps via autophagy. Autophagy limits AIM-2 inflammasome activation via ASC ubiquitylation and engagement of the autophagic adaptor p62/SQTM1 (p62) and the microtubule-associated protein 1 light chain 3 α (LC3) [14] , and has been implicated in limiting NLRP3 activation [45] [46] [47] . As described [15] These data indicate that AP-3 limits autophagy specifically in DCs. Accordingly, the number of punctate structures labeled by endogenous p62 per unit area was significantly increased in pearl DCs compared to WT after STm infection (Fig 5I) . In contrast, the induction of LC3-II in response to ATP stimulation did not differ between WT or pearl DCs (S6C and S6D Fig; note, LC3-II induction in response to ATP varied among experiments, but was always similar in WT and pearl DCs), correlating with the lack of impact on inflammasome activity.
To determine whether increased autophagy in pearl DCs might hasten inflammasome inactivation, we first tested whether ASC specks were detected in proximity to p62 or activated LC3. WT or pearl BMDCs expressing ASC-GFP and LC3-mCherry were infected with STm and analyzed one h later by live cell microscopy. In most WT DCs, LC3 puncta were excluded from a zone surrounding the perinuclear ASC specks (Figs 5F and S6E), suggesting that inflammasomes were protected from autophagy. In contrast, LC3 puncta were abundant in the more distal region in which ASC specks were detected in most pearl DCs (Figs 5F and S6E), such that significantly more LC3 puncta were detected within a 0.5 μm radius surrounding the ASC speck in pearl DCs (3.6 ± 1.6) than in WT DCs (1.1 ± 1.1) (Fig 5G) . Similarly, p62 overlapped significantly more with ASC in ASC-GFP-expressing pearl DCs than in WT DCs after STm infection (Fig 5F, 5H and S6E ). This suggested that peripheral inflammasome specks were more accessible to autophagosomes in pearl DCs.
We thus considered whether inflammasome fragments might become sequestered in autophagosomal membranes. To determine whether inflammasomes become sequestered by autophagosomes more in pearl DCs than in WT DCs, we used flow cytometry to quantify the accessibility of ASC-GFP to anti-GFP antibodies in permeabilized STm-infected cells. We exploited the different lipid composition of the plasma membrane relative to intracellular membranes, and either selectively permeabilized the plasma membrane by brief exposure to a each of three independent experiments. (D, E). WT and pearl BMDCs were infected with STm, and endogenous LC3 (and actin as a control) was detected by immunoblotting fractionated cell lysates at the indicated time points. D. Representative blot with positions of molecular weight markers (MW) indicated at left. E. Quantification of LC3-II band intensities from three independent experiments, expressed as fold increase relative to unstimulated cells and normalized to LC3-I and β-actin levels. (F-I). WT and pearl BMDCs expressing ASC-GFP alone or with mCherry-LC3 were infected with STm and analyzed by live fluorescence imaging (for LC3) or fixed immunofluorescence microscopy (for p62) 1 h later. F. Representative images showing ASC speck (green) and either LC3 puncta (red, left panels) or endogenous p62 puncta (red) and nuclei (blue; right panels) in infected cells. Corresponding DIC images show nuclear position. G, H. Quantification of LC3 (G) or p62 (H) puncta within a radius of 0.5 μm from the ASC speck (representative image shown at right) in 15 cells per cell type in each of 3 independent experiments. I, Quantification of total p62 puncta normalized to cell area. Data represent mean ± SD. Scale bar: 10 μm.**p<0.01; ***p<0.001. See also S5 and S6 Figs.
https://doi.org/10.1371/journal.ppat.1006785.g005
Enhanced autophagy in AP-3-deficient DCs limits phagosome-stimulated inflammasome activity low concentration of digitonin or permeabilized all membranes with 0.1% saponin [48] . These treatments were effective, since the cytosolic domain of the endoplasmic reticulum (ER) transmembrane protein calnexin, but not the ER luminal enzyme protein disulfide isomerase (PDI), was detected in digitonin-treated cells, whereas PDI was detected in saponin-treated cells ( S7A Fig). The level of GFP fluorescence from ASC-GFP was identical in transduced WT and pearl DCs using either treatment (Fig 6A, left and middle panels) , and although anti-GFP fluorescence qualitatively overlapped with ASC-GFP in both WT and pearl DCs by microscopy ( S7B Fig), quantification showed that the anti-GFP fluorescence intensity decreased over time only in pearl DCs treated with digitonin (Fig 6A, top right panels) ; this quantitative decrease was ablated in cells treated with saponin (Fig 6A, bottom right panels) . These data indicate that ASC becomes inaccessible to cytoplasmic antibody over time after STm infection more in pearl DCs than in WT DCs, consistent with sequestration of inflammasome fragments by autophagic membranes.
To test whether sequestration of inflammasome fragments by membranes and proximity to LC3 and p62 reflected inflammasome inactivation by autophagy, we assessed the consequences of impairing autophagy upon silencing the autophagy initiator ATG7 by lentiviral expression of either of two specific shRNAs (S7C Fig). Silencing ATG7 did not significantly affect bacterial load or DC death during the 2h of infection with flagellin-expressing STm (S7D and S7E  Fig) . In these conditions, STm rapidly induces pyroptosis by a mechanism that is NLRC4-and caspase-1-dependent [49, 50] . ATG7 silencing did not affect priming, as shown by the lack of effect in either WT or pearl DCs on TNFα secretion after STm infection (S7F Fig) or on pro-IL-1β production after stimulation with LPS-beads (S7G and S7H Fig) . However, as expected [51] , ATG7 silencing increased STm-induced IL-1β secretion in both WT and pearl DCs (Fig  6C) , but to a higher degree in pearl DCs as reflected by fold increase in IL-1β secretion relative to control shRNA-transduced DCs (Fig 6D) . Indeed, ATG7 silencing largely rescued the IL-1β secretion defect in pearl DCs to 76 ± 5% the level of ATG7-silenced WT DC levels (compared to 49 ± 2% in control shRNA-transduced cells; Fig 6E) . Similarly, silencing the autophagy regulators ATG5 and LC3 (S7I and S7J Fig) increased alum-induced IL-1β secretion to a higher extent in pearl than in WT DCs (S7K and S7L Fig) , and restored IL-1β secretion to~80% of IL-β levels in similarly treated WT DCs ( S7M Fig). The remaining IL-1β secretion defect in pearl DCs after ATG5, ATG7 or LC3 silencing likely reflects reduced pro-IL-1β levels following inflammasome priming (Figs 1, S7G and S7H); this suggests that autophagy does not limit pro-IL-1β accumulation in our brief stimulation in DCs as it does after a longer priming period in MFs [52] . Silencing ATG5, ATG7 or LC3 also increased caspase-1 p10 production to significantly higher levels in pearl DCs than in WT cells (Fig 6F-6K) , completely restoring p10 levels in pearl DCs to those observed in silenced WT DCs (Fig 6L) . Because pro-caspase-1 expression is constitutive and unaffected by AP-3 (Fig 1C and 1D) , this result shows that silencing autophagy restores inflammasome activity in pearl DCs.
Together, these data indicate that in the absence of AP-3, inflammasomes are more rapidly inactivated following STm infection or alum stimulation due to (1) a more robust autophagic response and (2) altered inflammasome positioning that allows greater access to the autophagic machinery and sequestration within autophagosomes.
Discussion
The molecular processes by which phagosome maturation and membrane dynamics are linked to cytosolic inflammasome activation following bacterial pathogen uptake are incompletely understood [11] . Here we show that in DCs, the endosomal adaptor protein AP-3 facilitates inflammasome activation after phagocytosis by two distinct mechanisms. First, AP-3 promotes Enhanced autophagy in AP-3-deficient DCs limits phagosome-stimulated inflammasome activity phagosomal TLR-dependent priming of the transcription of pro-IL-1β and NLRs such as NLRP3 [53] by optimizing TLR4 and MyD88 recruitment to phagosomes [18] . The second mechanism influences the duration of inflammasome activity, reflecting a previously unappreciated role for AP-3 in both positioning assembled inflammasome complexes at the perinuclear region and limiting the induction of autophagy by phagocytosed stimuli. Thus, peripheral inflammasomes become more rapidly inactivated by sequestration in autophagosomes in AP-3-deficient DCs. Consistent with the impaired inflammasome activity in AP-3-deficient DCs, AP-3-deficient pearl mice show a dampened inflammatory response early during oral infection with STm, characterized by decreased production of IL-1β, IL-18 and IL-17 and correlating with higher bacterial load at later time points and more rapid death. Our data provide new insights into how phagosome maturation and cytosolic signaling responses are coordinated to regulate inflammasome activity and into the etiology of the recurrent bacterial infections in AP-3-deficient patients [19, 20] , and highlight new pathways by which other genetic disorders that impact autophagy might heighten or dampen proinflammatory responses. While a requirement for AP-3 in optimal phagosome-restricted TLR-dependent priming of inflammasome components in DCs was predicted by its known role in TLR4 delivery to maturing phagosomes and in downstream proinflammatory signaling [18] , the role of AP-3 as a novel regulator of inflammasome activity was surprising. Importantly, the inflammasome impairment was observed in vitro only after stimulation with particulate stimuli such as alum, LLO beads and STm infection and not with soluble LLO or ATP. These results-particularly the differential requirement for AP-3 in response to LLO beads vs. soluble LLO-strongly suggest that only phagosomal stimuli require AP-3 to transduce maximal inflammasome activity in DCs. The lack of an AP-3 requirement in the response to ATP might alternatively reflect phagocytosis-independent differences either in the source of radical oxygen species (ROS) required for inflammasome activation [23] or in signaling downstream of ATP-stimulated P 2 X receptors and the particulate ligands used here (as exemplified by the robust activation of autophagy by alum and STm but not by ATP). Given the recurrent bacterial infections observed in AP-3-deficient patients [19, 54] and the impaired response of pearl mice to STm infection shown here, we speculate that bacterial infections are the most physiologically relevant stimuli for which optimal inflammasome activation requires AP-3. Our data suggest that AP-3 influences silencing of the classical inflammasomes assembled with ASC, caspase-1 and either NLRC4 or NLRP3. Whether AP-3 also influences silencing of other classical inflammasomes or of non-canonical caspase-11 inflammasomes remains to be determined. Enhanced autophagy in AP-3-deficient DCs limits phagosome-stimulated inflammasome activity How can AP-3 regulate inflammasome activation? We propose that AP-3 prolongs inflammasome activity by delaying inflammasome inactivation through sequestration in autophagosomes using two independent but collaborating mechanisms. First, AP-3 dampens the autophagic response to phagocytosed stimuli; autophagy was induced more rapidly and to a greater degree by STm or alum, but not by ATP, in pearl DCs relative to WT DCs. Second, AP-3 regulates inflammasome positioning; whereas inflammasomes assembled rapidly into a single "speck" within the perinuclear region following STm infection in most WT cells as previously observed [55] , they assembled at a distal site in most pearl cells. The perinuclear ASC specks in WT cells were inaccessible to autophagosomal membranes marked by LC3 and p62, but the peripheral specks in pearl DCs were surrounded by these structures and allowed for more rapid sequestration of inflammasomes within autophagosomes. Our model is consistent with recent reports indicating that autophagy limits the duration of inflammasome activation by targeting components such as NLRP3 and ASC for degradation [14, 56, 57] , and that NLRP3 inflammasome activity in macrophages is heightened by depletion of ATG7 or p62 [58] . Our data do not rule out that autophagy might additionally limit inflammasome activity indirectly by sequestering mitochondria and preventing ROS or mitochondrial DNA release required for inflammasome activation [47] . Although LC3 and p62 closely apposed inflammasome specks in pearl DCs, complete overlap was rarely observed. Moreover, our flow cytometry analyses of ASC-GFP sequestration indicate that sequestration was incomplete, at least at the times analyzed. We interpret these data to suggest that inflammasome fragments, rather than the entire inflammasome, is sequestered within autophagosomes. This would be consistent with the large size of inflammasome specks relative to typical autophagosomal structures [59] , and would suggest that the prion-like inflammasome aggregate [60] can be partially disassembled.
How AP-3 influences either inflammasome positioning or autophagy induction is not clear. AP-3 is needed to appropriately position lytic granules towards the immunological synapse in T cells [39] and to position lysosomes in HeLa and HEK293 cells [40] , but these likely reflect a direct role for AP-3 in targeting receptors for microtubule motors to endolysosomal organelles [38] ; the effects of AP-3 on inflammasome positioning are more likely indirect. Peripheral ASC positioning was observed in pearl DCs after treatment with ATP, which did not significantly induce autophagy, and in pearl MFs, in which induced inflammasome activity was similar to WT MFs, indicating that inflammasome positioning occurs independently from autophagy induction but may prepare inflammasomes for subsequent inactivation. Regardless of the mechanism, our data suggest that the perinuclear location of the ASC speck in WT cells sequesters the inflammasome from autophagic membranes, perhaps in an "exclusion zone"-a cytoplasmic region that is devoid of membranes and large cytoplasmic particles [61] . The more rapid and robust autophagic response of AP-3-deficient cells might be a consequence of AP-3's role in cargo transport to lysosomes. Given that AP-3 mediates the delivery of membrane transporters in other cell types [62, 63] , we speculate that the increased autophagy in AP-3-deficient DCs reflects loss of nutrient and/or ion transporters and consequent up-regulation of the basal autophagic machinery [64] . Indeed, increased autophagy might be a general phenomenon of AP-3-deficiency in cells that exploit AP-3 for specialized trafficking processes, as AP-3-deficient melanocytes display heightened sensitivity to nutrient deprivation with features consistent with an autophagic response [62] . Our data predict that additional genetic disorders in which autophagy is upregulated will also be associated with recurrent bacterial infections by a similar mechanism.
Decreased inflammasome activity in AP-3 deficiency was observed in DCs but not in BMMFs, mimicking differences observed between DCs and MFs in inflammasome activation in response to microbial products, ATP and oxidized lipids [34] . This cell type-specific difference extended also to the requirement for AP-3 in maximal phagosomal TLR-induced proinflammatory cytokine secretion, and might reflect the unique phagosome maturation pathways in DCs and MFs. Antigen degradation in DC phagosomes is limited by delayed acidification, owing in part to the activation of the NADPH oxidase complex (NOX2) [65] , supporting robust antigen presentation [66] . In contrast, phagosomes acidify rapidly in macrophages to better support pathogen destruction [67] . TLR-dependent tubule formation from phagosomes is also a unique feature of DCs [68] . Perhaps most pertinent is the role of autophagy components in phagosome maturation. In our model systems, induction of LC3-II after STm infection or alum stimulation was not significantly higher in pearl MFs compared to WT. In DCs, lipidated LC3 and other phagosome components are recruited to phagosomes and accelerate phagolysosome formation, subsequent microbial degradation, and antigen presentation [69, 70] . Autophagy components appear to function in phagosome maturation only in DCs and not in BMMFs [71] . Although the involvement of these components in phagosome maturation does not require autophagy per se [70] , the amplified activation of LC3 in AP-3-deficient cells likely influences phagosomal properties more in DCs than in MFs.
The importance of AP-3 in optimizing DC inflammasome responses in cell culture was reflected by impaired inflammasome responses by AP-3-deficient pearl mice in vivo, and likely explains at least in part the increased susceptibility of AP-3-deficient patients to recurrent bacterial infections. Mutations in the gene encoding the β3A subunit ablate AP-3 function in nonneuronal cells in Hermansky-Pudlak syndrome type 2 (HPS2) [72, 73] , a heritable disease characterized by immunodeficiency among other symptoms [19, 20] . Our data show that pearl mice, a model for HPS2, are more susceptible to infection with STm than control mice, resulting in higher bacterial loads in multiple tissues. Although we cannot rule out that potential microbiota differences between WT and pearl mice contribute to the enhanced susceptibility of AP-3 -/-mice to infection, pearl mice with a comparable STm burden at day 3 of infection had impaired IL-1β and IL-18 responses in MLN-one of the first sites of STm entry, where pro-inflammatory cytokine production is required to prevent bacterial dissemination-suggesting an intrinsic defect in inflammasome activation and consistent with our in vitro results in bone marrow-derived and splenic DCs. IL-17 responses were also impaired; this might be secondary to the reduced local IL-1β, since IL-1β favors the development of T helper 17 (Th17) cells [33, 74] , and/or to the impaired MHC-II presentation and CD4+ T cell differentiation induced by pearl DCs [18] . Although we cannot definitively attribute the observed phenotype in STm-infected AP-3 -/-mice exclusively to DCs, our data suggest that macrophages do not contribute to the impaired cytokine responses, since BMMFs from WT and pearl mice showed comparable cytokine responses and infection of WT and pearl mice with LPm, which primarily infects macrophages and neutrophils, did not result in a differential inflammatory response. IL-1β and IL-17 are particularly important for the clearance of pathogens such as Pseudomonas aeruginosa, Klebsiella pneumoniae, and Enterococci [75, 76] . Intriguingly, HPS2 patients suffer from recurrent infections by these pathogens [54, 77] , suggesting that AP-3 might support inflammasome activity and IL17-dependent pathogen clearance in humans. In addition, HPS2 patients frequently present with neutropenia [78] ; although resolution of neutropenia by treatment with granulocyte colony stimulating factor does not reduce the rate of bacterial infections, neutropenia might also be a consequence of reduced IL-17 production, which is required for granulopoiesis [79] . Thus, our studies provide novel insights into the etiology of recurrent bacterial infections in HPS2 and unveil potential new targets for immunotherapy in HPS2 and other related immunodeficiencies.
Enhanced autophagy in AP-3-deficient DCs limits phagosome-stimulated inflammasome activity
Materials and methods

Ethics statement
Mice were bred under pathogen-free conditions in the Department of Veterinary Resources at the Children's Hospital of Philadelphia or the University Laboratory Animal Resources at the University of Pennsylvania, and were euthanized by carbon dioxide narcosis according to guidelines of the American Veterinary Medical Association Guidelines on Euthanasia. All animal studies were performed in compliance with the federal regulations set forth in the recommendations in the Public Health Service Policy on the Humane Care and Use of Laboratory Animals, the National Research Council's Guide for the Care and Use of Laboratory Animals, the National Institutes of Health Office of Laboratory Animal Welfare, the American Veterinary Medical Association Guidelines on Euthanasia, and the guidelines of the Institutional Animal Care and Use Committees of the University of Pennsylvania or Children's Hospital of Philadelphia. All protocols used in this study were approved by the Institutional Animal Care and Use Committee at the University of Pennsylvania (protocols #804714, #804928 and #803489) or at the Children's Hospital of Philadelphia (protocols #14-001064 and #16-001064).
Reagents
LPS purchased from InvivoGen (San Diego, CA) was coated onto 3-micron polystyrene beads (Polysciences Inc., Warrington, PA) as previously described [80] . ATP was purchased from Sigma-Aldrich (Saint Louis, MO) and alum was from ThermoScientific (Rockford, IL). The caspase-1 probe FAM-YVAD-FMK (FAM-FLICA) was from ImmunoChemistry Technologies (Bloomington, MN). Recombinant LLO was purified from E. coli strain DP-3570 expressing six histidine (His6)-tagged LLO (kindly provided by Daniel Portnoy, University of California, Berkeley), and was coated onto 3-micron polystyrene beads (Polysciences Inc.) as previously described [81, 82] . Mouse monoclonal anti-caspase-1 p20 (Casper-1), mouse monoclonal anti-caspase-1 p10 (Casper-2), mouse monoclonal anti-NLRP3 (Cryo-2) and rabbit polyclonal anti-ASC (AL177) were from Adipogen (San Diego, CA); goat polyclonal anti-IL-1β was from R&D (Minneapolis, MN); rabbit polyclonal anti-LC3B (ab48394), mouse monoclonal anti-p62 (ab56416), rabbit monoclonal anti-ATG7 (ab133528) and rabbit monoclonal anti-ATG5 (ab108327) antibodies were from Abcam (Cambridge, MA); mouse monoclonal anti-β actin and anti-γ tubulin were from Sigma; rabbit polyclonal anti-NLRC4 was from Millipore (Billerica, MA); rat monoclonal anti-CD4 (GK1.5), anti-IL-17 (TC11), anti-CD103 (M290), anti-CD40 (3/23), anti I-A b (AF-120.1), anti-CD11c (HL3), anti-CD86 (GL1) and anti-CCR7 (4B12) were from BD Biosciences (San Jose, CA); mouse monoclonal anti-GFP was from Roche (Indianapolis, IN); rabbit polyclonal anti-calnexin (SPA-860) was from Stressgen Biotechnologies Corporation (Victoria, British Columbia, Canada); mouse monoclonal anti-PDI (SPA-891) was from Enzo Life Sciences (Farmingdale, NY). All secondary antibodies were from Jackson Immunoresearch (West Grove, PA) or from BD Biosciences. ELISA Ready-SET-Go! kits for mouse interleukin-6, mouse interleukin-12/IL-23 (total p40), and mouse-TNFα were from eBioscience, (San Diego, CA); the anti-mouse-IL-1β ELISA set was from BD Biosciences; anti-mouse IL-18 ELISA antibody pairs were from MBL International (Woburn, MA); and the anti-mouse IL-17 ELISA DuoSet was from R&D.
Mice C57BL/6 (CD45.1 or CD45.2) wild-type (WT) mice were originally purchased from The Jackson Laboratories (Bar Harbor, ME). The HPS2 mouse model pearl (AP-3 deficient; B6Pin.C3-Ap3b1 pe /Ap3b1 pe ) was previously described [73] and kindly provided by S. Guttentag (Vanderbilt University, Nashville, TN). All mice were bred and housed in the same room to minimize possible microbiota differences. Sex-and age-matched mice between 6 and 12 weeks of age were used in all experiments.
Cell culture
Bone marrow cells were isolated and cultured for 7-9 d in RPMI-1640 medium (Gibco, ThermoFisher, Waltham, MA) supplemented with 10% low endotoxin-FBS (Hyclone, Logan, UT), 2 mM L-Gln, 50 μM 2-mercaptoethanol (InVitrogen) and either 30% granulocyte-macrophage colony stimulating factor (GM-CSF)-containing conditioned medium from J558L cells (kindly provided by Ralph Steinman) for differentiation to DCs as described [80, 83] , or 30% M-CSFcontaining L929 conditioned medium for differentiation to MFs [35] . Splenic DCs were isolated as described [84] and purified from single cell suspensions with anti-CD11c (N418) microbeads after depletion of T, B and NK cells with a cocktail of biotin-conjugated antibodies (to CD90.2, CD45R, and CD49b) and anti-biotin microbeads (Miltenyi Biotec Inc., Auburn, CA). Intestinal lamina propria was isolated after dissecting small intestines, removing Peyer's patches and MLNs, and dissociating the intestinal epithelium in Ca 2+ /Mg 2+ -free HBSS supplemented with 5% FBS and 2 mM EDTA for 20 min at 37˚. Lamina propria was then digested by treatment with 1.5 mg/ml type VII collagenase (Sigma) and 40 μg/ml DNase I (Sigma) for 15 min at 37˚to obtain single cell suspensions (as shown in http://www.jove.com/video/4040/; [85] ). Lamina propria cells were stained and analyzed by flow cytometry [85] .
DNA constructs, retroviral production and transduction of dendritic cells 6 BM cells were seeded on 6-well non-tissue culture treated plates per well for transduction 2 d after isolation, and transduced by spinoculation with 3 ml of transfected Plat-E cell supernatant in the presence of 8 μg/ml polybrene and 20 mM HEPES for 2h at 37˚C. Retrovirus-containing media were then replaced with DC culture media. Puromycin (2 μg/ml) or the corresponding selection antibiotic was added 3 d after infection, and cells were collected for experiments 3 d later.
shRNAs, lentiviral production and transduction of dendritic cells pLKO.1-puromycin derived lentiviral vectors [87] for small hairpin RNAs (shRNAs) against ATG5, ATG7, LC3b and non-target shRNAs were obtained from the High-throughput Screening Core of the University of Pennsylvania. ATG5 sense sequence: GCAG AACCATAC TATTTGCTT ATG7 #1 sense sequence: GCCTGGCATTTGATAAATGTA. ATG7 #2 sense sequence: CCTAAAGAAGTACC ACTTCTA. LC3b sense sequence: GCAT CCTAAGTTGC CAATAAA. Non-target sense sequence: GCGCGATAGCGCTAATAATTT. Lentivirus was produced by co-transfection of 293T cells (obtained from American Type Culture Collection, Mannassas, VA) with packaging vectors pDM2.G and pSPAx2 using calcium phosphate precipitation [88] , and harvested from cell supernatants 2 d later. 3 x 10 6 BM cells were seeded on 6-well non-tissue culture treated plates per well for transduction two d after isolation, and transduced by spinoculation with 3 ml of transfected 293T cell supernatant in the presence of 8 μg/ml polybrene and 20 mM HEPES for 2h at 37˚C [84] . Lentivirus-containing media were then replaced with DC culture media. Puromycin (2 μg/ml) was added 3 d after infection, and cells were collected for experiments 3 d later.
Bacterial strains and infections
Bacteria were grown overnight with aeration at 37˚C and diluted in PBS. Mice fasted 12-16 h were orally inoculated with 10 8 or 10 9 STm (SL1344) as indicated or with PBS as a vehicle control. Virulence gene expression (SPI-I) is induced when STm reaches the intestine [89, 90] . Mice were sacrificed and tissues and sera were collected 3, 5 or 7 d after infection. Tissues were mechanically homogenized, diluted in PBS, and plated on streptomycin selective LB plates to determine bacterial load (CFU per gram). For Legionella infections, mice were anesthetized and either infected intranasally with 5 × 10 6 L. pneumophila serogroup 1 ΔflaA or received PBS as a vehicle control. 24 h post-infection, mice were sacrificed and bronchoalveolar lavage was performed with 1 mL cold PBS. Lungs were then excised, mechanically homogenized, diluted and plated on charcoal yeast extract agar plates to determine bacterial burden (CFU per gram). For in vitro infections, STm were grown overnight in streptomycin containing LB medium at 37˚C with aeration, diluted into fresh LB containing 300 mM NaCl, and grown standing at 37˚C for 3 h to induce flagellin expression [23] unless otherwise indicated. Bacteria were washed with prewarmed Dulbecco's Modified Eagle Medium (DMEM, Gibco), added to cells at a MOI of 10:1 (unless otherwise stated), and spun onto the cells at 200 x g for 5 min. Cells were incubated at 37˚C in a tissue culture incubator with 5% CO 2 . Gentamycin (100 μg/ml) was added 1 h after infection and cells were harvested or analyzed by live cell imaging at the indicated time points.
Real-time PCR assay
RNA was isolated using RNeasy kit (Qiagen, CA, USA) from WT and pearl BMDCs after 2 h incubation with or without LPS (50 ng/ml) or LPS-coated beads. 1 μg RNA was reverse transcribed to cDNA using RT2 First Strand kit (Qiagen). Real-time PCR was performed in a 7300 ABI PCR System (Applied Biosystems, CA, USA) using RT2 SYBR Green/ROX PCR mastermix and the Mouse Antibacterial Response RT2 Profiler PCR array (96-well format, SABiosciences, Qiagen). Data were normalized to the average of five housekeeping genes (β-glucuronidase, hypoxanthine guanine phosphoribosyl transferase, heat shock protein 90α, glyceraldehyde-3-phosphate dehydrogenase and β-actin). Relative levels of IL6, IL12p35, IL12p40 and IFNβ1 mRNA were calculated with the ΔΔCt method [18] and represented as mRNA fold-induction compared to unstimulated cells. Only two-fold or more differences were considered significant, according to manufacturer's instructions (Qiagen).
Inflammasome activation and measurement of cytokine production 200,000 BMDCs or BMMFs were seeded in triplicate in RPMI medium on 96-well round bottom plates, primed where indicated with 20 ng/ml of soluble LPS for 2-3 h, and then incubated with the indicated inflammasome stimuli (1 mM ATP, 100 μg/ml alum, 10 μg/ml LLO, 10 x 10 6 LLO beads or Salmonella at MOI of 10:1), for 1 to 4 h. 50 mM KCl was added to some wells for 1 h before stimulus addition to inhibit inflammasome activation [91] . Cells were pelleted at 200 x g at the indicated time points, supernatants were collected to measure cytokines using commercial ELISA kits, and cell pellets were lysed with Laemmli sample buffer with 2-mercapto-ethanol for immunoblotting analysis [91] . To detect caspase-1 activity by flow cytometry, BMDCs were infected with Salmonella as described or left untreated, incubated with caspase-1 probe FAM-FLICA according to the manufacturer's instructions, washed with PBS, and analyzed using a FACSCalibur and CellQuest software (BD Biosciences).
For cytokine detection after in vivo infections, tissue homogenates were pelleted and supernatants were analyzed using commercial ELISA kits. To measure intracellular IL-17, single cell suspensions were obtained from MLN and restimulated for 5 h at 37˚C in a tissue culture incubator with 10 ng/ml phorbol 12-myristate-13-acetate and 1 μg/ml ionomycin (Sigma) in the presence of 5 μg/ml of brefeldin A (BD Biosciences). Cells were then washed with PBS with 1% BSA and 2 mM EDTA, fixed with 3% formaldehyde in PBS, permeabilized with Permwash (BD Biosciences), and stained and analyzed by flow cytometry using a FACSCalibur and CellQuest software (BD Biosciences).
Immunoblotting
For LC3B, inflammasome components and caspase-1 p10 detection, 1 x 10 6 BMDCs were infected with STm or treated with alum in suspension, harvested by centrifugation at 200 x g at the indicated time points, and lysed in Laemmli sample buffer with 2-mercaptoethanol. Samples were then fractionated by SDS-PAGE on 15% polyacrylamide gels, transferred to PVDF membranes (Immobilon-FL, Millipore) and analyzed using Alexa Fluor 680 or 790-conjugated secondary antibodies (Jackson ImmunoResearch,) and Odyssey imaging system (LI-COR, Lincoln, NE). For IL-1β and caspase-1 p20 detection, samples were fractionated on 12% polyacrylamide gels and membranes were probed with horseradish peroxidase-conjugated secondary antibodies (Jackson ImmunoResearch) and enhanced chemiluminescence (GE Healthcare, Pittsburgh, PA). Densitometric analyses of band intensity was performed using NIH Image J software, normalizing to control protein levels [91] .
Cytokine secretion after TLR4 stimulation
BMDCs or BMMFs were incubated with LPS-coated beads for 3 hr as described (Mantegazza 2012) . Cytokine concentration in culture supernatants was measured by ELISA (ELISA Ready-SET-Go! Mouse TNFα, mouse interleukin-6, and mouse interleukins-12 and -23 [total p40], eBioscience).
Intracellular bacteria replication assay
BMDCs (1x10 6 / well) were seeded in 24-well plates in 1 ml RPMI medium in triplicate. Cells were infected at MOI 10:1 with flagellin-expressing STm. Gentamycin (100 μg/ml) was added 1 h after infection, and cells were collected 2 h after infection. Cells were then lysed in PBS/ 0.5% Triton X-100, and serial dilutions in PBS were plated on streptomycin-selective LB plates to determine bacterial load (CFU per ml).
Cell death assay
Cytotoxicity was detected using the LDH Cytotoxicity Detection Kit (Clontech Laboratories, Inc., Mountain View, CA). 100,000/ well BMDCs were seeded into 96-well plates in RPMI medium in triplicates. Cells were infected at MOI 10:1 with flagellin-expressing STm. Gentamycin (100 μg/ml) was added 1 h after infection, and supernatants were harvested 2 h after infection. LDH release was quantified according to the manufacturer's instructions. Cytotoxicity was normalized to cell samples treated with 1% (v/v) Triton X-100, and LDH release from uninfected cells was used for background subtraction.
Live cell imaging
BMDCs or BMMFs expressing ASC-GFP and/or mcherry-LC3b were seeded on poly-Llysine-coated glass-bottom 35-mm culture dishes (MatTek, Ashland, MA) on day 6 of culture.
On day 7, cells were infected with STm or mcherry-STm as described above under Infections. Cells were washed with RPMI and visualized by spinning-disk confocal microscopy using an Olympus inverted microscope equipped with an environmental chamber at 37˚C and 5% CO2 and a Hamamatsu ImagEM EMCCD camera at the University of Pennsylvania's Confocal Microscopy Core. Images or videos were obtained with MetaMorph software (Molecular Devices, Sunnyvale, CA) and analyzed using ImageJ (National Institutes of Health).
Immunofluorescence microscopy and flow cytometry ASC-GFP expressing BMDCs were infected with Salmonella for the indicated time points, fixed with 3% formaldehyde in PBS, permeabilized with Permwash (BD Biosciences, San Jose, CA), and labeled with primary antibodies and Alexa Fluor-conjugated secondary antibodies (Jackson ImmunoResearch). Cells were analyzed by fluorescence microscopy using a Zeiss LSM 710 laser-scanning confocal microscope and Zeiss ZEN 2012 software or using a Leica DMI6000 B inverted microscope, a Hamamatsu ORCA-flash4.0 camera and Leica Microsystems Application Suite X software. Images were analyzed using ImageJ. LC3b or p62 puncta were counted using Cell count plugin [80] . ASC speck distance from nuclei was quantified using Analyze/Measure tools as detailed in Image J tutorial (https://imagej.nih.gov/ij/docs/ pdfs/ImageJ.pdf). The number of total p62 puncta was normalized to cell area.
To assess ASC speck accessibility to antibody detection by flow cytometry, BMDCs were infected with Salmonella for the indicated time points, washed with pre-warmed KHM buffer (110 mM CH 3 CO 2 K, 20 mM HEPES, 2 mM MgCl 2 , pH 7.3), permeablized with digitonin (50 μg/ml) or 0.1% saponin in KHM buffer for 1 min at room temperature and immediately washed with KHM buffer. Cells were then incubated sequentially with primary and secondary antibodies in 3% BSA in KHM buffer alone or supplemented with 0.1% saponin for 15 min at 37˚C [48] . Cells were finally washed in PBS with 0.5% BSA and 2 mM EDTA and analyzed by flow cytometry using a FACSCalibur and CellQuest software (BD Biosciences).
Statistical analyses
Statistical significance for experimental samples relative to untreated or uninfected WT control (unless otherwise stated) was determined using the unpaired Student's t test and ANOVA. Data from three independent experiments presented as mean ± SD. No significant differences were detected. Average total cell numbers: 10x10 6 (MLN), 30x10 6 (small intestine), and Table. AP-3 is required for optimal transcriptional activation of proinflammatory cytokines and some NLRs after particulate LPS priming (related to Fig 1; see associated Excel file). WT (columns A-G) and pearl (columns H-N) BMDCs were untreated or stimulated with LPS beads (beads) or soluble LPS (soluble) for 2h. cDNA generated from isolated RNA was measured by RT-PCR and analysed as described. Relative levels of different cytokines and chemokines (columns P-AC) were calculated as mRNA fold-induction compared to unstimulated cells. (XLSX) 
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